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Abstract- The use of THz frequencies, particularly W and G 
band allows reaching higher resolution and deeper penetration 
in emerging applications like imaging, sensing, etc. 
The development of those new applications lays on reliable 
technologies, background of expertise and know-how. The 
CDS2008-00068 TERASENSE CONSOLIDER project has 
given the opportunity to extent upwards in frequency the 
previous background of the microwaves research group 
partners. This article summarizes the developments of the 
TERASENSE work package “THz Device Technology 
Laboratory”.   
I. INTRODUCCIÓN 
This paper compiles the developments and activities of 
the workpackage called “THz Device Technology 
Laboratory” of the TERASENSE project in the frame of the 
CONSOLIDER program. The objective of this workpackage 
was the development of technological activities, up to THz 
frequencies [1],[2] covering generic technologies for active 
devices and passive circuits, extraction of models of new 
devices from DC-RF measurements, design and 
characterization of devices, MMICs and subsystems. All, 
keeping in mind that the final applications of these 
technologies are mainly imaging and sensing systems, which 
require additionally technologies for data processing [3]-[8]. 
The interest of the scientific community and the industry 
in the development of systems working in the W-band 
atmospheric window is increasing. In the remote sensing area 
millimeter waves (mmW) offer a good tradeoff between 
spatial resolution (using relatively small antenna apertures) 
and material penetration [9],[10]. Moreover, the large 
available bandwidth and the small system wavelength allow 
the development of compact wireless high speed 
communications systems.  
The added value of emerging applications in THz bands 
is divided in different stages starting from the basic active 
devices and ending with the data processing software. 
Unfortunately there is a lack of basic active devices (diodes 
and transistors) manufactured in Spain, and very limited in 
Europe but there are opportunities for innovation in antenna 
manufacturing, in design and assembling of circuits and 
systems and in data processing software. 
The antenna design at these frequencies represents a 
challenge due to the small tolerances required in the 
construction. Furthermore, the aforementioned mmW 
applications usually employ electrically large antenna 
apertures, requiring tens of meters between the antenna under 
test (AUT) and the probe antenna for the radiation pattern 
measurement. Therefore, performing far-field (FF) 
measurements to retrieve the radiation pattern is not feasible 
unless a compact range measurement system is used. 
Measuring the antenna gain with a calibrated probe in the FF 
represents the same problem. 
About the available devices and technologies, 
characterization, modeling and simulation of passive and 
active devices becomes much more critical to succeed than in 
microwave circuits and demands intensive use of tools for 
simulation of active devices and passive structures (with 2D 
and 3D EM simulators). The accurate knowledge of the 
properties of dielectric materials, such as those used to 
manufacture substrates, radomes, or lens antennas, is 
essential to carry out the design of devices and circuits in the 
mentioned frequency range. Taking into account the previous 
experience of the research groups, the design and 
characterization of circuits operating in these frequencies 
involved a scale reduction in dimensions, compared to 
previous expertise in mm-wave circuits, below the limits of 
previous minimum resolution for printed microstrip/coplanar 
  
 
circuits and mechanical tolerances in tooling. The upgrade of 
measurement equipment involved not only the acquisition of 
new apparatus, but also the change to new connectivity 
standards.  
One of the emerging applications of the millimeter-wave 
imaging technology is its use in biometric recognition. This 
is mainly due to some properties of the millimeter-waves 
such as their ability to penetrate through clothing and other 
occlusions, their low obtrusiveness when collecting the 
image and the fact that they are harmless to health. This is in 
contrast to biometric traits acquired in the visible spectrum, 
which are normally affected by, among other factors, lighting 
conditions and occlusions (e.g., clothing, make up, hair, etc.). 
Section VII describes a biometric recognition system which 
uses body images acquired at 94 GHz. 
Therefore a jump to THz frequencies meant a challenge 
in all the aspects: modeling, simulation designing, 
assembling, measurement, etc... The project TeraSense has 
given the opportunity to extent upwards in frequency the 
huge background of the microwaves research group partners. 
This article will focus on the development of technology 
aspects by the TeraSense partners: antenna manufacturing, 
characterization of active and passive devices, design and 
assembling of circuits and data processing.  
II. ANTENNA MANUFACTURING  
All referred THz applications require, as input element, 
an antenna, whose performance becomes critical for the 
system but employing a normally affordable technology. 
Different developments of antennas have been done in the 
frame of TeraSense. 
A.  Linear Patch Antenna Array excited by Slot 
A linear array based on three patch antennas excited by 
slots in W band, has been designed and presented in [11]. 
The objective has been to obtain an antenna with high 
directivity, a gain about 13 dBi and a -10 dB bandwidth of 5 
GHz, centered at 97 GHz. This task has been developed by 
UNICAN. 
For this goal, initially, a single radiant patch has been 
designed and optimized its dimensions, obtaining suitable 
gain and matching, taking each patch formed by a radiant 
element patch (1 × 1.1mm) and a slot (0.7 × 0.09mm). It is 
obtained a -10 dB bandwidth of 4 GHz at 96 GHz and a 
directivity of 9.38 dBi with a remarkable backward radiation 
due to the absence of a below metallic plane. 
After validating simulation results of this single patch, 
two more identical patches were introduced obtaining a good 
matching and gain, with weak back radiation. The phase 
center length between patches is 2.2mm and each patch is fed 
by 100 Ω microstrip lines (length = 3.7 mm and width = 0.09 
mm) and feed lines are connected each other to a 50 Ω 
microstrip line (width = 0.26 mm) which, at a distance of 0.5 
mm, is enclosed in a cut-off waveguide (dimensions 1.14 mm 
× 0.55 mm), in order to propagate only the Quasi-TEM 
microstrip mode in W-band, from 75 up to 110 GHz. 
Furthermore, the distance from the feed line to the bottom of 
the case is 0.5 mm. 
The structure of the array has three dielectric layers with 
their respective metallization. The deeper layer uses the low 
cost Rogers ULTRALAM 2000 substrate (εr = 2.5, tgδ = 
0.0019 and a copper thickness of 18 µm) with a dielectric 
thickness of 4 mils to avoid unwanted higher modes 
propagation. This layer contains the 100 Ω feed line located 
at its rear face and the ground plane where the slots are 
settled at the top face of the same layer. The intermediate 
layer is the radiant substrate, air in this case, with a thickness 
of 5 mils. Finally, the top layer which uses Rogers 
RT/Duroid 5880 with a dielectric thickness of 5 mils (εr = 
2.2 and tgδ = 0.0009), holds the metallic patches in its 
bottom face and acts as a radome. 
 
 
Fig. 1. Patch antenna array with the waveguide-to-microstrip transition 
A PNA-X Microwave Network Analyzer with auxiliary 
Millimeter Wave VNA Extenders in the input and output 
ports, which present WR-10 waveguide inputs, is used. 
Therefore, a waveguide-to-microstrip transition, which 
matches the 50 Ω-microstrip input impedance of the antenna 
array structure to the WR-10 waveguide (input of the VNA 
Extenders), has been necessary to include it in the design to 
make a more realistic version of the structure. This design it 
is shown in subsection VI.A. 
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Fig. 2. Matching of the Complete Radiant System 
Finally, the complete design composed of the linear array 
and the waveguide-to-microstrip transition (see Fig. 1) has 


































Fig. 3. Gain of the Complete Radiant Structure 
  
 
The mathing of the linear array shown in Fig. 2 presents a 
-10 dB bandwidth over 5 GHz centered approximately at 97 
GHz with suitable phase behaviour. It can be observed that 
the undesired resonances are out of the interest band of 
frequencies. 
The antenna gain is plotted in Fig. 3, obtaining a good 
value around of 12.5 dBi at 97 GHz, according to the number 
of patch elements of the array. 
 
Fig. 4. Pattern Radiation of the Complete Radiant Structure 
Finally, in Fig. 4, the 3D pattern radiation of the complete 
radiant system at 96 GHz it is shown. It can be seen a gain of 
12.55 dBi with backward radiation of -25 dB Main Lobe 
Level and a -14 dBi Side Lobe Level, typical value in this 
type of structure. 
   
Fig. 5. Photographs of the metal case for the patch antenna array 
The antenna prototype has been made up in two stages: 
the metal case and the radiant elements [12]. On the one 
hand, the entire metal case has been split in two pieces (see 
Fig. 5). The suitable cutting plane has been located in order 
to contain the entire cutoff cavity in one half avoiding 
undesired resonances due to possible defects. The final 
dimensions of the metal case are 4 × 3 cm. 
 
 
Fig. 6. Photographs of the microstrip lines for the complete radiant system. 
(a) feed lines and microstrip lines of the waveguide-to-microwave transitions, 
(b) slots and (b) three array patches 
On the other hand, the feed lines have been obtained 
following the procedure introduced in section II. In Fig. 6, it 
can be seen the layers that constitute the complete radiant 
system. 
 
Fig. 7.  Zoom of the deeper layer of the complete radiant system 
The feed lines of the antenna can be seen in Fig. 7 
wherein a zoom of the deeper layer is displayed. 
 The system will be assembled in order to obtain 
experimental results. 
B.  94 GHz Cassegrain Reflector Antenna 
This section presents a solution to overcome the 
limitations mentioned above in the design and measurement 
of electrically large antennas at mmW [13]. This task has 
been developed by UPC. The radiation pattern results 
obtained with a NF to FF transformation technique are shown 
in section B.1. Moreover, the efficiency has been measured 
using a radiometric technique to obtain the gain pattern. 
Finally, the tolerance effects in the RL for several antenna 
prototypes are exposed in section B.2 and a waveguide 
matching network is proposed to match the antenna 
impedance at 94 GHz. 
The measurements results correspond to a 94 GHz 
cassegrain antenna with a main reflector of 160 mm 
diameter. Fig. 8 shows a photograph of the antenna 
describing its most relevant parts. The feeder consists on a 
horn antenna with a Teflon top in order to have a watertight 
structure. 
 
Fig. 8.  Photograph of the antenna under test 
B.1 Radiation pattern measurement 
The radiation pattern of the antenna has been obtained by 
transforming the measured electric field of the antenna 
aperture. The electrical field has been sampled each 0.45λ, 
obtaining a matrix of 140x140 electric field values 
corresponding to an area of 201x201 mm at 5 cm from the 
reflector aperture. 
Fig. 9 shows a photograph of the 2D NF measurement 
setup. It is composed by a W-band network analyzer with a 
transmitter header connected to the AUT and fixed to an 
(a) (b) 
(c) 
   
  
 
optical table. The probe is connected to the receiver and held 
on a 2D scanner with 300x300 mm travel. An RF absorber 
has been used to avoid reflections from the scanner and the 
receiver header. 
The radiation pattern has been measured after the antenna 
construction, after a thermal shock test and after vibration 
test. Fig. 10 shows the results of the E-plane, H-plane and a 
45º cut of the radiation pattern measured before and after the 
environmental tests. It should be pointed out that the 




Fig. 9. W-band near field scanning setup 
Several radiation parameters are extracted from the 
radiation patterns: a directivity of 41.3 dB, a -3dB beam 
width Δθ-3dB of 1.42º, a E-plane side lobe level of 21.7 dB and 
a H-plane side lobe level of 22.9 dB. 
 
Fig. 10. Measured radiation patterns of the cassegrain antenna after 
construction  and after two environmental tests 
 
B.2 Antenna efficiency measurement 
The antenna efficiency has been measured using a 
radiometric technique. Fig. 11 shows the total power 
radiometer components. The local oscillator frequency is at 
94 GHz and the baseband signal is filtered at 400 MHz. 
Therefore the antenna losses are averaged from 93.6 to 94.4 
GHz. A horn antenna has been used as a reference antenna 
(supposing no losses) in order to calibrate the radiometer 
looking to the sky using a calibrated attenuator. As a result 
2.9 dB of losses have been obtained in the antenna, giving an 
antenna gain of 38.3 dB. 
 
Fig. 11. Radiometer hardware components schematic 
Due to the tolerances in the Teflon cap construction, the RL of 
the antenna is not matched at 94 GHz. Fig. 12 shows the variability 
of the RL for different antenna prototypes. Using a waveguide 
matching network composed by 3 capacitive screws, all the antennas 
are matched at 94 GHz with a RL below -18 dB as shown in Fig. 13. 
 
Fig. 12. Return loss of 10 different antenna prototypes before impedance 
matching 
 
Fig. 13. Return loss of 10 different antenna prototypes after impedance 
matching 
 
C.  Bifocal Reflector Antenna Prototype for Radar Imaging 
at 300 GHz 
A 300GHz high-resolution imaging system for security 
applications (such as detection of weapons or concealed 
contraband on persons) has been developed by GMR-UPM 
and Antenna-UVigo groups. The system utilizes the CW-
LFM (Continuous-Wave Linear-Frequency Modulation) 
radar technique. Its operational bandwidth goes from 286.2 
to 313.2 GHz, within a window of atmospheric attenuation. 
In such frequencies, a wide range of materials (clothing, 
paper, plastic, wood ...) is reasonably transmissive. 
  
 
The radiating system utilizes Bifocal Ellipsoidal 
Gregorian Reflector geometry with a small mechanical 
rotating mirror to achieve an image resolution less than 2 cm 
at a standoff range of 8 m within a scanned area of 0.8 m x 
0.5 m. The antenna prototype can be seen in Fig. 14. It is 
composed of the following elements: 
 (a-b) The main reflector and the subreflector are shaped 
surfaces configured as the Bifocal Ellipsoidal Gregorian 
Reflector System (BEGRS) described in [14], in order to 
improve the scanning behavior of the antenna, provide higher 
field of view, increase the antenna gain in the target region 
and allow better control of the scanning operation. In 
addition, the subreflector must be oversized in order to span 
the field of view to the size of the human torso.  
(c) In order to provide scanning characteristics, the 
illuminating wave arrives at the subreflector after being 
reflected in the mirror. The mirror is flat and lightweight. It 
has two rotation axes providing two different motions: a fast 
rotating motion about a primary axis which can be rotated 
slowly about a secondary axis along (vertical tilting).  
(d) A feed reflector designed to illuminate the 
subreflector with a tapered collimated beam. 
(e) A silicon beam splitter to separate the transmitted and 
received beams. 
(f) A transmitting horn whose beam passes through the 
feed splitter. 




Fig. 14. 300GHz antenna prototype 
D.  Active Antennas in the W-Band based on Schottky 
Diodes 
This section shows the development of a Schottky Barrier 
Diode (SBD) based compact receiver module operating in the 
E-band (71-76 GHz) [15]. This task has been developed by 
UC3M. In order to achieve a compact receiver, direct 
envelope detection is used, avoiding the need of a local 
oscillator (LO) signal. The module is shown in Fig. 15 and it 
comprises a hyper-hemispherical Si lens, a zero-bias SBD 
which is mounted on a planar antenna, and a 50Ω low 
frequency impedance matching output. 
  
Fig. 15. Schematic of the SBD QO Video Detector with log-spiral antenna. 
Materials: dark blue part is the silicon lens and silicon substrate where the 
gold (yellow part) planar antenna is grown, while green part is FR-4 material 
and brown part is copper. Bonding wires are included to connect gold lines 
over silicon to copper lines over FR-4 and a metallic wire is inserted to 
interconnect both ground planes of CPW line. Zero Bias Schottky diode is 
epoxied in the middle of the antenna. (a) Complete SBD QO Video Detector 
3D schematic. (b) Antenna zoom. (c) Schottky diode zoom [15] 
 
D.1 Receiver Design 
In the design of the antenna, both gain (directivity * 
radiation efficiency) as well as matching between antenna and 
active element (antenna impedance) need to be taken into 
account [16]. We have designed and fabricated three different 
planar antenna types: Meander Dipole, Log-Spiral and Log-
Periodic, to evaluate which one provides the best performance 
to the receiver module. Meander dipole has been designed to 
maximize the power delivered from the antenna to the SBD at 
the millimetre-wave carrier frequency range, matching the 
impedance of the antenna to the impedance of the SBD [17]. 
With Log-Spiral and Log-Periodic antennas a constant 
broadband response is expected. 
 
D.2 Measurements 
Three receivers were manufactured and measured within 
the E-Band. A picture of the Log-Spiral receiver can be seen 
on Fig. 16. 
 
Fig. 16. Photograph of the receiver module: (a) Front view of the cased 
module  howing the Si lens, and (b) Back view of uncased module, showing 
the Log-Spiral antenna on HR-Si and the impedance matching transition to 




The measured  responsivity, as the signal produced by the 
power arriving to the SBD receiver, is shown on Fig. 17. The 
effective area normalized peak responsivity of the receiver in 
the 70-76 GHz band is found to be 814.4 V/W and 740.3 
V/W for the Meander Dipole and the Log-Spiral antenna 
respectively. The module with log-periodic antenna exhibits 
a responsivity value reaching 1278 V/W at 72GHz. 





















Fig. 17. Responsivity spectra measured over the E-band for the Meander 
Dipole, Log-Spiral and Log-Periodic antennas [15] 
 
III. CHARACTERIZATION AND MODELLING OF BASIC ACTIVE DEVICES  
As it was previously mentioned, the fabrication of basic 
active devices (transistors and diodes) to operate in THz 
bands is nowadays completely out of the scope of the project. 
It is not possible at all to compete with companies (mainly in 
USA) with a background of decades and a strong government 
support in space and military programs.  
Luckily, some devices are commercially available, like 
high performance diodes from Virginia Diodes. Such Diodes 
may be essential part of detectors, mixers and multipliers. 
Those subsystems may be designed and assembled in 
affordable hybrid technology, but requiring accurate 
modeling to achieve success. 
Schottky diodes are used for design of detectors, mixers 
and frequency multipliers in sub-millimeter wavelengths. In 
addition, the planar diode opens up the possibility of diode 
circuit integration.   
 In this section an ultra-wideband (DC to 110 GHz) model, 
for a single Anode Schottky Diode (Virginia Diodes VDI) is 
presented [18]. This task has been developed by UNICAN. 
Model extraction is based on different measurements [19] and 
computer-aided parameter extraction have been performed to 
obtain a complete large-signal equivalent circuit model 
suitable for the device under consideration up to 110 GHz, 
and for its integration in planar circuits. Measurements were: 
direct current (DC) characteristics, capacitance 
measurements, scattering (S) parameter measurements and 
measurements of the assembly of Coplanar to Microstrip 
bonded transitions used to achieve the complete final diode 
model up to 110 GHz [20]. In accordance with the availability 
of measurement equipment, the measurements were carried 
out in two frequency ranges: DC-50 GHz and 75-110GHz. To 
verify theoretical models of the Schottky diode, biased 
measurements are done to measure the characteristics of the 
junction capacitance. 
 
A.  Direct current (DC) characterization of Schottky diodes 
A Schottky Diode can be modeled as a combination of 
resistance and capacitance, both bias-dependent. The 
Schottky diode model consists of both, linear and nonlinear 
parts. The nonlinear part corresponds to the metal-
semiconductor junction, and the linear part contains 
everything else. An accurate modeling of parasitic effects 
introduced by the diode package elements is necessary. 
Several studies on diode modeling have been done. 
 A widely recognized model is the thermionic-field 
emission model generalized I-V characteristics, equation (1), 
capacitance-voltage relationship, taking into account the 
dependent junction capacitance, has been given by (equation 
2):  
 
















































Fig. 18 shows the measured DC I-V, and C-V data, 
compared with the model (comparison between on-wafer S-
parameter measurements and with low-frequency 
measurements using a LCR meter) [21]. As can be seen, the 
model predicts quite well all these measurements. 
 
 












































Extraction from S parameter
Extraction from LCR meter
 
Fig. 18. DC I-V curve, and C-V measurements and simulations 
  
 
B. Characterization of diode: simulation (modeling tools) 
Voltage dependency of Cj(V) and Rj(V) can be 
implemented using a SDD (Symbolically-Defined-Device) 
module from ADS. Fig. 19 shows a Single Anode Diode (SA-
Diode) under consideration. The nominal overall chip 
dimensions of the diode are 600µm x 250µm x 100µm 
(length x width x thickness). It is connected with coplanar-to-
Microstrip transitions (model PROBE POINT TM0503 
JmicroTM transition). This configuration allows enabling on-
wafer measurements using air coplanar probes, but in this 
case requires the use of wire bonding connections.  
 
Fig. 19. Single Anode Diode bonded with gold wires (diameter of 17 µm and 
length 200µm-210µm at both sides) 
 
C- Equivalent circuit model of the diode (lumped elements: 
intrinsic and extrinsic) 
Fig. 20 shows the equivalent circuit proposed for the 
discrete planar Schottky diode under consideration in order to 
illustrate its integration in a microstrip circuit environment 
including bonding wires. The circuit includes a finger 
inductor Lp (estimated using the planar inductor 
approximation) and a pad-to-pad capacitor Cpp. In parallel 
with the Schottky junction is the finger-to-pad capacitance 
component Cp. A set of simple lumped elements models parts 
inside and outside the diode: an ideal inductance L2 in series 
with resistor R represents the wire inductance and losses due 
to the metallization and wire bonding, as well as radiation 
losses at the wire bends. The two shunt capacitances close to 
the input and output ports (C1, C2) represent the substrate 
capacitance between the microstrip lines onto which the wire 
is bonded. The inductor L1 represents end inductance caused 











Fig. 20. Lumped equivalent circuit for Schottky diode with the extrinsic 
elements detailed 
The intrinsic device is represented through its 
characteristic elements: Rj is the nonlinear Schottky junction 
resistance that acts in parallel with the diode junction 
capacitance Cj, and the ohmic contact resistance is denoted by 
Rs. The equivalent values for each intrinsic element 
component are extracted from measured direct current (DC) 
characteristics and scattering parameters with fixed RF power 
levels (≤ -30 dBm), and the diode unbiased and also reverse 
biased.  
D. Results   
S-parameter measurement data are compared with 
Schottky diode models in Agilent ADS with additional 
parasitic elements as shown in Fig. 21. The target variables 
are extracted by performing curve fitting to the measured 
data. It should be noted here that our model takes into account 
the increase of the wire bonding series resistance caused by 
the skin effect at frequencies above 50 GHz and eventually by 
some other measurement uncertainties. In accordance with 
the measurement equipment facilities at our laboratories, the 
measurements were carried out in two frequency ranges: DC-
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Fig. 21. S- Parameter simulation and measurement for Schottky Diode using 








Saturation current(A) Isat 9.97593e-13 
Ideality factor η 1.28 
nkT/q (1/V) α 30.31 
Zero junction capacitance (fF) Cj0 24 
Series resistance(Ω) Rs 2.4429 
Built in potential  (V) Фbi 0.9 
Finger inductance (pH) Lf 50 
Parasitic Capacitance (fF) Cp 1 
 Pad-to-pad capacitance (fF) Cpp 15 
Bonding Inductance (pH) L1 60.13 
Bonding Inductance (pH) L2 51.36 
Pad capacitance (fF) C1 60.34 
Pad capacitance (fF) C2 46.26 
Bonding resistance (Ω) R 0-3 
Table 1. Extracted parameters of the Schottky diode under consideration 
 
The capability of our characterization and modeling 
method has been demonstrated to create a reliable equivalent 
circuit model of Schottky diodes with very good accuracy and 
valid under large signal conditions and at high frequencies up 
  
 
to 110 GHz. This was demonstrated using measurements up 
to 50 GHz and between 75 GHz and 110 GHz, although with 
a lack of measurements in the 50-75 GHz range. Using this 
model, the degree of agreement between measurements and 
simulations, for different diodes, validated the proposed 
approach. Simulated performance for the Zero Bias Diode 
(ZBD) and antiparallel diodes configuration structures 
provides accurate predictions of the device performance up to 
110 GHz. The parameters extracted from zero bias diode 
provide an accurate RF model for nonlinear circuit 
simulations to design diode detectors. 
IV. DESIGN OF MMICS     
Some of the partners in TeraSense have a large 
background in design of MMICs and one of the goals of the 
project was to extend this experience to THz band, at least in 
the W band, to be able to provide added value in the MMICs 
design stage. Moreover, the use of, not Spanish, but at least 
European foundries was a strategic purpose. The list of 
foundries open to supply W band technology was very 
limited (IAF, OMMIC, UMS). Finally a set of MMICs own 
designed with European technology (OMMIC, France) was 
developed, but not yet manufactured due to limitations in 
budget (each prototype costs about 20.000€). 
A single stage cascode LNA and a medium power 
amplifier have been designed with D007IH and D01MH 
OMMIC technology processes. Also a 4-stage LNA and a 
single dual balanced mixer are being designed, but they are 
not jet finished. This task has been developed by UNICAN. 
A.  Cascode Low Noise Amplifier (94-100 GHz) 
The complete design of a Cascode Low Noise Amplifier 
(LNA) MMIC operating in a band between 94 and 100 GHz 
and based on microstrip technology using a process which 
employs 0.07 µm Metamorphic High Electron Mobility 
Transistors (D007IH OMMIC process), has been presented 
in [22]. A modified Cascode configuration combining 
resistive feedback and a lossy network to equalize gain and 
stabilize the circuit is used. The schematic diagram of the 
LNA is illustrated in Fig. 22, where it can be seen with detail 
the structure of the design. The size of the transistors used is 
4 x 15 µm. 
 
Fig. 22. Schematic Diagram of the LNA 
The layout of the final LNA which is prepared to be sent 
to OMMIC foundry is shown in Fig. 23, where the free space 
of the dice has been used to place same transistors to be 
characterized in the future. 
 
Fig. 23. Layout of the LNA (1.5 x 1.335 mm2) 
The results obtained with the simulation based on the 
component models and the results obtained replacing the 
different passive networks of the design by their own S-
parameters simulated in Momentum are presented and 
compared in Fig. 24, Fig. 25 and Fig. 26. 
In Fig. 24, it is shown the small signal gain which is over 
11 dB and the Noise Figure (NF) with a minimum value of 
2.2 dB, being below 2.5 dB in the whole band. 












































88.125 91.25 94.375 97.5 100.625 103.75 106.87585 110
Frequency (GHz)  
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Fig. 24. Noise Figure Results and Gain S21 of the Schematic design (solid 
line) and Momentum (dotted line) 
  
 
Regarding to the input and output matching, S11 and S22 
are better than -15 dB and -8dB in the band of frequencies 
94-100 GHz. 
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Fig. 25. Input and Output Matching of the LNA simulated in Schematic 
(solid line) and Momentum (dotted line) 
 
The stability analysis parameter Mu has a value upper 
than 1 in the entire band where the model is valid, ensuring 
the unconditional stability of the LNA (see Fig. 26). 
 




















Fig. 26. Stability factor parameter Mu>1: unconditional stability for all 
frequencies 
A summary of the principal parameters to take into 
account for a properly performance of the circuit design is 








SYMBOL MIN. TYP. MAX. 




S11 -12.8   
S22 -9.7   
NOISE FIGURE (dB)   2.3 
INPUT FREQUENCY (GHz) 94  100 
VOLTAGE BIAS 
(V) 
VG1  -0.1  
VD  3.85  
VG2  1.4  
I SUPPLY    (TOTAL) (mA)  2.2  
PDC (mW)  3.1  
Table 2. Summary of fundamental characteristics of  LNA 
B.  A Three-Stage Medium Power Amplifier (94-100 GHz) 
The design of a three-stage Medium Power Amplifier 
(MPA) MMIC operating in a band between 94 and 100 GHz 
has been explained in [23]. The amplifier circuit is based on 
a microstrip lines design with 0.13 µm gate length 
Metamorphic High Electron Mobility Transistors (D01MH 
OMMIC process). The schematic diagram of the LNA is 
illustrated in Fig. 27, where it can be seen with detail the 
stages of the design. The size of the transistors used is 4 x 20 
µm. 
 
Fig. 27. Schematic Diagram of the MPA 
The layout of the final LNA which is prepared to be sent 
to OMMIC foundry is shown in Fig. 28, where the free space 
of the dice has been used to place same transistors to be 
characterized. 
 
Fig. 28. Layout of the MPA (1.743 x 3.314 mm2) 
  
 
Simulations have been carried out with the non lineal 
complete model of MHEMT transistors to describe their 
behavior in large signal. DC bias chosen was: Vgs1 = -0.05 V, 
Vgs2 = -0.15 V and Vds = 4 V, obtaining a reasonable gain in 
spite of limiting the reached efficiency. The Pin-Pout curve 
has been simulated at a central frequency given in the band, 
obtaining the gain in available power (see Fig. 29). The 1dB 
































Pin = 2.6 dBm
Y = 16.64 dBm
Pin = 2.6 dBm
(Pout, Pin) = 15.64 dBm
 
Fig. 29. Gain curve and Pin / Pout at 97 GHz 
 
The Power Added Efficiency (PAE) has been evaluated 
too, reaching values above 10%. PAE is plotted in Fig. 30. 
 











Fig. 30. PAE as a function of Pin 
 
The behavior in function of the frequency has been 
evaluated using large signal S-parameters, which considering 
the injected power level in the amplifier and let show the 
compression of the gain. In the Fig. 31, the gain as a function 
of frequency for a wide range of input power is plotted. It can 
be seen the gain curves progressively compressed from 4 
dBm of input power. 
 






























Frequency (GHz)  
Fig. 31. Gain as a function of frequency varying Pin from (-20 dBm to 15 
dBm) using Large-Signal S-parameters analysis 
 
In Fig. 32, the input matching is shown, where the 
compression can be seen as deterioration of the values, and in 
Fig. 33, the output matching is shown which is less sensitive 
to the input power. 
 











Frequency (GHz)  
Fig. 32. S11 (dB) in Large Signals function of frequency varying Pin from (-20 
dBm to 15 dBm) 













Fig. 33. S22 (dB) in Large Signal function of frequency varying Pin from (-20 
dBm to 15 dBm) 
 
A summary of the principal parameters to take into 
account for a properly performance definition of the designed 






SYMBOL MIN. TYP. MAX. 
GAIN (dB) 11.25 13.3 14.15 
REFLECTION 
COEFFICIENTS (dB) 
S11 -7.9   
S22 -4.5   
INPUT FREQUENCY (GHz) 94  100 
OUTPUT POWER(1dB) @ 97 GHz 
(dBm)  15.5  
VOLTAGE BIAS (V) 
VG1  0  
VD  3.5  
VG2  0  
VG3  -0.2  
I SUPPLY    (TOTAL) (mA)  213.0  
PAE (%)   8.9 
Table 3. Summary of fundamental characteristics of MPA 
 
V. ON WAFER CHARACTERIZATION OF COMMERCIALLY 
AVAILABLE MMICS   
There is a very limited list of suitable MMIC circuits 
commercially available, most of them manufactured in USA 
and available with restrictions. One of the most interesting 
suppliers is Hughes Research Labs (HRL) which fabricates 
W band LNAs with 4 and 5 stages, Medium power amplifiers 
and detectors. 
Those devices could be acquired as a dice or eventually 
already connectorized. The former option retains some added 
value but requires facilities, first for measuring and 
characterization and later for assembling.  
This task has been developed by UNICAN. Facilities 
available for on wafer testing were: Vectorial Network 
Analyzer in W band (PNAX + W heads) + probe station 
Cascade Summit+ picoprobe probes 125 µm pitch (Fig. 34). 
 
 
Fig. 34. Laboratory set-up  for on wafer measurements of MMICs 
 
The first measurements of the available MMICs are done 
on wafer [24] in order to verify the specifications provided 
by the manufacturer. On the one hand, the 5-stages LNA 
(LN5-100) with its DC biasing network formed by different 
values of capacitors and resistances (10Ω for drain and 1KΩ 
for gates) is shown in Fig. 35. 
  
 
Fig. 35. LN5-100 on wafer assembly 
The four S-parameters measured are shown in Fig. 36. A 
constant gain from 75 up to 102 GHz (working range of this 
LNA) with a maximum value about 16 dB (below the desired 
value of 29 dB which is the provided gain by the 
manufacturer) has been measured. This can be due to an 
unwanted oscillation or a possible damaged stage. 
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Fig. 36. S-parameters measured of  LN5-100 (HRL) 
On the other hand, the 4-stage LNA (LN4-110) shown in 
Fig. 37 has been assembled with the same type of biasing 
networks as the previous LNA and the S-parameters 
measured are shown in Fig. 38. 
 
 




In this LNA, the gain has a constant behavior in the entire 
range, but in this case, with a maximum value around 20 dB,  
higher than the LN5-100 gain and much more similar to the 
expected response (24 dB is the value given by the 
manufacturer). Furthermore, this LNA operates in the entire 
W band (form 75 up to 110 GHz), therefore LN4-110 has 
been chosen for the future radiometer because seems more 
stable and reliable than the 5-stage LNA. If it were necessary 
to obtain a higher sensitivity with a suitable level of gain, it 
could be possible to cascade two LN4-110. 
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Fig. 38. S-Parameters measured of LN4-110 (HRL) 
Noise figure indicated by manufacturer (NF=3dB for 
LNA5 and NF=3.5dB for LNA4) could not be confirmed due 
to the lack of noise figure measurement facilities in W band. 
The diode-detector V1A MMIC presents a high 
sensitivity given by the manufacturer about 15.000 mV/mW 
at 95 GHz. The laboratory set-up has been the same for the 
LNAs measurements using the PNA-X and the probe station 
with picoprobe probes 125 µm pitch, but in this case, the 
output of the set-up has been connected to a multimeter to 
detect the output DC voltage. A -30dBm input power signal 
is applied to obtain an adequate response (value 
recommended in the datasheet). From the Fig. 39, it can be 
seen that this detector is more sensitive in the range 85-
95GHz, obtaining higher values of output voltage. 
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Fig. 39. Output voltage (V) of the V1A for a frequency sweep at a fixed input 
power 
An on-wafer total power radiometer was formed by 
connecting the 4-stage LNA MMIC with the detector MMIC 
using wire bonding. RF input pad of the LNA and DC output 
pad of detector were left unconnected, to place the probes on 
them (Fig. 40 and Fig. 41). 
 
 
Fig. 40. On wafer assembly of the total power radiometer (LN4-110+V1A) 
 
 
Fig. 41. Zoom of the total power radiometer assembly 
Taking into account that the input power level in the 
detector is -30dBm and that the LN4-110 gain is about 20dB, 
the input power level of the total power radiometer should be 
a value of approximately -50dBm. The results obtained are 
shown in Fig. 42, where we can see a response similar to the 
single detector assembly. 
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Fig. 42. Output voltage (mV) of the LN4-110+V1A for a frequency sweep 
and input power (dBm) 
Now we are in process of preparing the on wafer 
assembly of the Medium power amplifier (LSPA2) in order 




VI. DEVELOPMENT OF SPECIFIC MECHANICAL STRUCTURES AND 
MICROSTRIP HYBRID BOARDS FOR ASSEMBLING OF SYSTEMS      
All of the partners had previous experience and 
background in developments reaching the high part of the 
microwave spectra (Q, V, etc.) but, for most of them, 
TeraSense meant a challenge for a further jump to W and G 
band. This increase in frequency means a decrease in size, 
therefore pushing the manufacturing facilities to the limits of 
accuracy and precision.  
Lowest losses in the connection of system parts are 
provided by waveguides, compared to coaxial cables, but on 
the other hand a microstrip line environment seems more 
suitable for assembling MMICs and hybrids circuits. 
Therefore the development of waveguide-to-microstrip 
transitions becomes a primary requirement (section A). For 
some applications, like characterization of dielectric 
materials, quasi-optical configurations avoiding connectivity 
restrictions may be used. In section B a Quasi-optical 
Measurement System in W band for characterization of 
materials is presented. In section C an 80GHz Medium 
power amplifier assembling in WR10 waveguide is shown. 
Section D shows the design and measurements of a band pass 
filter in W band. In section E a study about optimum feasible 
coplanar to microstrip transitions is presented. Finally in 
section F the design of a WR10 waveguide Assembling of 
LNA in W band is shown.    
A.  W-Band E-Plane Waveguide-to-Microstrip Transitions 
This task has been developed by UNICAN. Regarding the 
robustness of the prototype, longitudinal E-plane transitions 
seem more suitable than other type of transitions to obtain 
the maximum transmitted signal. The waveguide-to-
microstrip transition is composed of a standard W-band 
waveguide, WR-10, and a cut-off cavity which contains the 
required microstrip line and the strip transition entering the 
waveguide. This microstrip section is composed of the probe 
which captures the signal from the input WR-10 waveguide, 
a section of high-impedance microstrip line to compensate 
the impedance value for the capacitive reactance that the 
probe introduces, a quarter-wave impedance transformer to 
transform the impedance obtained at the end of this high-
impedance line to the desired 50 Ω level and finally, a 
section of 50 Ω microstrip line. 
Two of these structures have been optimized and 
connected to constitute a back-to-back transition necessary to 
measure the available circuits in the laboratory. 
A thin substrate thickness is essential in W band to avoid 
unwanted propagation modes. A value of 5 mils or even 
lower thickness is considered suitable. A trade-off between 
low cost, flexibility, size and performance was required. Two 
versions, with RT/Duroid 5880 and with ULTRALAM 2000 
have been used for the design and fabrication of the circuits. 
A.1 RT/Duroid 5880 Substrate 
This substrate is used for the waveguide-to-microstrip 
transition necessary for assembling of the available 
commercial MMICs. It has the following characteristics: h = 
5 mils, εr = 2.2 and tanδ = 0.0009 @ 10GHz. The design of 
the back-to-back transition can be seen in detail in [25],[26] 
and it is shown in Fig. 43. 
 
Fig. 43. The Back-to-Back Transition in W Band 
The accuracy of the fabrication process is crucial for 
obtaining good experimental results. Several prototypes of 
the transition have been fabricated and measured with a high-
resolution microscope, and the most similar to the nominal 
dimensions of the design has been selected. Furthermore, a 
good tolerance (±20μm in the dimensions according to the 
manufacturer) was required too for the brass mechanized box 
(Fig. 44). 
 
    
Fig. 44. Photographs of the Metal Case for the Back-to-Back Transition (4 x 3 
x 2.4 cm3) 
Finally, assembly of the microstrip lines on the metal case 
was done, as is depicted in Fig. 45. To attach the microstrip 
lines to the structure we have used solder and it has been 
necessary to be careful with the positioning of the microstrip 
lines into the cut-off cavity. 
 
 
    (a)         (b) 
Fig. 45. The Final Assembly (Microstrip Lines inside the Metal Case). (a) 
View of the complete microstrip section. (b) Detail 
The simulated S-parameters results are compared with 
respect to the obtained experimental measurements and they 
are shown in Fig. 46. 
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Actual deviations from nominal dimensions in microstrip 
lines, displacement in their positioning and the effect of the 
gilding process of the microstrip line were included into the 
3D EM simulator. This simulation reproduces more 
accurately the fabricated transition. Comparison with the 
measurements is shown in the Fig. 47, concluding that the 
agreement between measurements and simulation has 
improved. Differences between simulated and measured S21 
may be related to the metal losses. 
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Fig. 47. A comparison between measurements and a more realistic simulation 
taking into account fabricated dimensions 
 
A.2 Ultralam 2000 Substrate 
This substrate, as it was said in subsection II.A, has been 
chosen for the design of the linear array of planar antennas 
feed by slots [11]. ULTRALAM 2000 has the next 
characteristics: h = 4mils, εr = 2.5 and tanδ = 0.0019. The 
steps carried out during this design are identical to the 
previous transition and the comparison between simulated S-
parameters and the measurements obtained in the laboratory 
can be seen in Fig. 48. 
 
Fig. 48. Simulation and experimental results of the back-to-back transition in 
W-band 
A double waveguide-to-microstrip transition (back-to-
back transition) has been fabricated to check the validity of 
the design, although in the design of the array is only 
necessary a single transition. 
 
B.  W-Band Quasi-Optical Measurement System 
The accurate knowledge of the properties of dielectric 
materials, such as those used to manufacture substrates, 
radomes, or lens antennas, is essential to carry out the design 
of devices and circuits in the millimeter wave (MMW) range. 
The knowledge of the material properties can also be used in 
MMW scene simulators that render photorealistic images that 
allow one to predict if certain objects (i.e. metals, 
explosives...) can be identified within a scene for a given 
atmospheric effects, noise, blur or imaging system 
parameters [27],[28]. This task has been developed by UAB. 
In the W-band (75 – 110 GHz), a quasi-optical 
measurement system [29] is an attractive alternative to 
measure these properties since it is contactless, non-
destructive and the sample preparation is easy. Furthermore, 
broadband characterization can be achieved. 
 
B.1 Measurement System Description 
The designed measurement system is shown in Fig. 49. It 
consists of an input beam waist at the aperture of a feed horn 
that is refocused or collimated by an off-axis parabolic mirror 
to form an output beam waist at the sample position. The 
transmitted beam is passed, via another off-axis parabolic 
mirror to a second horn that feeds the receiver. 
Unlike [29], we use reflective focusing elements instead 
of lenses. Reflective focusing elements are free from the 
absorptive and reflective losses that characterize refractive 
focusing elements. In order to keep cross-polarized radiation 
and distortion low it is convenient to have an effective focal 
length (f) larger than the aperture diameter (Da) [30]. 
Therefore, we choose a commercial mirror of Janostech [31] 
with f = 152 mm and Da = 101.6 mm.  
A smooth-walled spline-profile horn [32] has been used 
as an alternative to a corrugated horn. The length of this horn 
(70 mm) is somewhat larger than a corrugated horn (40 mm) 
but it provides similar results with significant improvements 
in ease of manufacture. 
 
Fig. 49. Quasi-optical measurement system 
 
B.2 Simulations and Experimental Validation  
The proposed quasi-optical system through was validated 
through simulations using the physical optics (PO) 
implementation of FEKO [33]. 
In Fig. 50 we have depicted the near field in the plane 
defined by wave propagation. Indeed the input beam waist at 
the aperture of the feed horn is refocused at the sample while 







Fig. 50. Near field generated by the proposed quasi-optical measurement 
system at 94 GHz 
The near field along the cut C1 is plotted in Fig. 51. It can 
be seen that input gaussian beam is recovered without 
appreciable losses. The computed gaussianity of the beam at 
C2 is 99.5% thus we can assume that a plane wave is 
obtained at the sample plane as predicted. 
 
Fig. 51. Near field along C1. The input gaussian beam is recovered without 
noticeable losses 
The measured system efficiency is around 80% in the 
entire W-band. This efficiency includes losses in the free 
space path, horns and waveguide transitions.  
The proposed setup has also been used in order to 
characterize a homemade teflon lens. Measurements and 
simulations (Fig. 52) show an excellent agreement. 




























Fig. 52. Characterization of a zone plate lens 
C.  80 GHz Medium Power amplifier 
This task has been developed by UPC. An 80 GHz 
medium power amplifier MMIC Hittite AUH-320 has been 
mounted using two finline waveguide to microstrip 
transitions. The components have been placed on a brass 
mechanized box where both the input and the output of the 
box are WR-10 waveguides. Fig. 53 shows the finline 
transition placed on the channel of one half of the box. 
 
 
Fig. 53. Finline transition placed on half of the WR-10 waveguide 
 
The MMIC has been fixed to the box channel using 
conductive epoxy to have a ground contact with the box. The 
connections to the finline transitions and to the DC bias have 
been performed using thermo-compression wire bonding. 
Fig. 54 shows a photograph of the MMIC placed on the box 
channel. The upper part of the image shows the bias circuitry 
connected to the MMIC by wire bonding. 
 
 
Fig. 54. Amplifier MMIC placed on the box. Both finline transitions as well 
as the DC biasing are connected by wire bonding 
 
The amplifier gain and return loss have been measured 
from 74 GHz to 86 GHz. Fig. 55 shows the measured gain of 
the amplifier. A maximum gain of 16 dB is obtained at 78 
GHz, agreeing with the specifications provided by the 
manufacturer. Additionally, Fig. 56 shows the measured 
return loss of the amplifier showing a good matching from 78 




Fig. 55. Measured gain of the amplifier. 
  
Fig. 56. Return loss of the amplifier 
 
D.  Band pass Filter 
This task has been developed by UNICAN. Five-stages 
coupled microstrip band pass filters in W band have been 
designed and manufactured in 5 mils thickness substrate 
(RT/Duroid 5880). The objective of this filter is to define the 
6 GHz-bandwidth (from 94GHz up to 100GHz) shape of a 
total power radiometer design. 
This band pass filter is connected with the same model of 
coplanar-to-microstrip transitions (model PROBE POINT 
TM0503 transition) used in diode characterization [18], and 
bonded with gold wires with a diameter of 17µm in order to 
enable on-wafer measurements using air coplanar probes. 
The complete assembly fixed with conductive epoxy can be 
seen in Fig. 57.  
 
 
Fig. 57. Assembly of the band pass filter in W-band 
Comparing simulation results and on-wafer experimental 
measurements (see Fig. 58), around 6dB of difference in 
losses (S21 parameter) can be seen. This may be due to the 
coplanar-to-microstrip transitions and gold wires losses. A 
more similar matching has been obtained (S11 parameter). 
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Fig. 58. Simulation and experimental results of the band pass filter in W-band 
 
Finally, the use of this filter has been discarded in the 
assembly of the total power radiometer in order to maximize 
the bandwidth and sensitivity of the own radiometer. This 
decision was taken from the comparison of several 
simulations of the complete system radiometer [34],[24]. 
 
E.  Coplanar-to-Microstrip Transitions Study 
This task has been developed by UNICAN. Flip chip 
mounting is preferred (i.e. for diodes), but if wire bonds are 
unavoidable, (MMICs) coplanar-to-microstrip transitions 
should be carefully designed to minimized mismatching and 
degradation of on-wafer response. Those reasons drove us to 
a comparative study with simulations and measurements of 
different transitions affordable by our manufacturing 
facilities. 
The assembly of MMICs in a metal case housing needs 
the waveguide-to-microstrip transitions previously shown in 
subsection IV.A, both for input and output. The own 
termination of this transition uses microstrip technology and 
the MMICs presents coplanar inputs and outputs, therefore 









A coplanar-to-microstrip transition (model PROBE 
POINT TM0503 transition) has been used in the simulation 
instead of the MMIC coplanar input since it presents 
coplanar technology. In four configurations simulated (see 
Fig. 59) [24], the common part in the design is a 50 Ohm 
microstrip line as input and the coplanar-to-microstrip 
transition as output, which are connected with gold wire 
bonds. All aspects are taking into account to obtain a more 
realistic result analyzing possible mismatching and losses 
due to these connections. The comparison is done in terms of 
S-parameters. 
The four configurations are different in the following 
characteristics: 
- Top left image (Config.1): the connection has made 
with a single wire bond between both parts. 
- Top right image (Config. 2): home-made via-holes 
have been used in this case in the microstrip part with one 
wire bond for the central conductor line and one wire bond 
for each ground. The objective of this option is to have a 
more realistic coplanar junction between two parts. 
- Bottom left image (Config. 3): use another coplanar-
to-microstrip transition in the middle in order to join both 
parts, placing microstrip parts in the same side and coplanar 
parts joined with wires bond (central conductor line and two 
grounds) too. 
- Bottom right image (Config. 4): the connection is 
made with a single wire bond and furthermore including a 
wider section line following the 50 Ohm microstrip line to 
compensate the wire bond inductive effect. 
-  
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Fig. 60. Electromagnetic Simulation Results of 4 Configurations (a) S11 
Parameter, (b) S21 Parameter 
From the results obtained shown in Fig. 60, 
Configuration 2 (including home-made via-holes in 
microstrip part) would be the best option especially 
considering the losses in comparison with others 
configurations, obtaining an acceptable matching in the 
entire band too. 
 
 
Fig. 61. Different options for the monolithics connections 
The fabricated prototypes can be seen in Fig. 61. 
Configuration 3 has not been fabricated due to its complexity 
for using another coplanar-to-microstrip transition. Two 
additional transitions have been necessary in input/output to 
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(b) 
Fig. 62. Measurements Results of 3 Configurations with one or two wire 
bonds between external coplanar-to-microstrip transitions and input/output of 
the circuits (a) S11 Parameter, (b) S21 Parameter 
  
 
From the comparison between the results obained from 
the on wafer measurements (shown in Fig. 62) of the 3 
configurations and one or two wire bonds in external 
connections for each configuration, it can be concluded that 
Configuration 2 (with home-made via-holes to hold as much 
as possible the coplanar filed structure) with one or two wire 
bonds is the best solution to match the system. 
 
F.  WR-10 waveguide Assembling of LNA in W band 
This task has been developed by UNICAN. The general 
purpose transition previously presented was adapted to be 
used in a case housing a single LNA and in another case 




Fig. 63. Redesign of the back-to-back transition to measure LN4-110 in a 
case housing 
For the design of the housing case, we start from the 
design of the back-to-back transition previously shown in 
subsection VI.A1. Previous simulation has been presented in 
[24]. This transition has been modified adding in the middle 
of the cut-off cavity an aperture to include the DC bias 
elements (resistances and capacitors) for the transistors 
which form the LNA MMIC. The cavity has been split into 
three narrow channels (suitable width for assembly of DC 
components) to avoid possible resonances in the cut-off 
cavity and its size has been increased in steps to host the DC 
connector as it can be seen in Fig. 63. 
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Fig. 64. S Parameters of the transition simulation 
The results obtained in the simulation are presented in 
Fig. 64, where we can see similar results of the back-to-back 
transition and a good matching in the entire band. 
 
 
Fig. 65. Metal case of the back-to-back transition for LN4-110 (7 x 4 x 3 cm3) 
The transition was fabricated by the same manufacturer 
that the back-to-back transition. The metal case, which can 
see in Fig. 65, is formed by two pieces split with the same 
technical concept. These details are shown in Fig. 66. 
Moreover, we can observe the connector which is used to DC 
bias the LN4-110. 
 
 
Fig. 66. Details of the metal case which is split into two pieces 
Furthermore, the microstrip line sections which form each 
of the transitions have been fabricated (see Fig. 67) with the 
previous configuration chosen: the home-made via-holes to 
be connected with the input/output of the LN4, maintaining 
the coplanar field structure and providing the minimum 
mismatching in this part of the assembly. 
 
 
Fig. 67. A single transition with home-made vias for assembly of the LN4-






Finally, the following step is to assemble the complete 
circuit with the LN4-110, the single transitions with the 
home-made via-holes, the DC components (resistances and 
capacitors), substrates where the components will be placed, 
the DC connector and the wire bond necessary to join each 







































































































































Fig. 68. Detail of the assembly of the LNA4-110 into the metal case with all 
necessary components 
 
VII. MMW IMAGES IN BIOMETRIC APPLICATIONS   
This section describes the application of MMW images in 
the field of biometric recognition. This task has been 
developed by UAM. Biometric recognition is the science 
which studies the recognition of humans through one or 
several physiological and/or behavioral characteristics [35]. 
Many biometric characteristics are used to identify 
individuals: fingerprint, signature, iris, voice, face, hand, etc. 
Biometric traits such as the ear, face, hand and gait are 
usually acquired with cameras working at visible frequencies 
of the electromagnetic spectrum. Such images are affected 
by, among other factors, lighting conditions and the body 
occlusion (e.g., clothing, make up, hair, etc.). In order to 
circumvent these limitations, researchers have proposed the 
use of images acquired at others spectral ranges: X-ray, 
infrared, millimeter (MMW) and submillimeter (SMW) 
waves [36]. The images captured beyond the visible 
spectrum overcome, to some extent, some of the mentioned 
limitations; furthermore, they are more robust to spoofing 
than other biometric images/traits. Among the spectral bands 
out of the visible spectrum, the millimeter waves (with 
frequency in the band of 30-300 GHz) present interesting 
properties that can be exploited in biometrics (see Fig. 69): 
ability to pass through cloth and other occlusions, innocuous 
to health, low intrusiveness, and the recent deployment and 
rapid progress of GHz-THz systems in screening 
applications. However, the usage of this kind of data in 
biometrics has not received much attention [37],[38], mainly 
due to the lack of available databases of MMW images. This 
is a consequence of: (i) the privacy concern these images 
present, and (ii) most of the imaging systems working at the 
MMW/SMW band are either in prototype form or not easily 
accessible for research. 
 
Fig. 69. Examples of MMW body images for active/passive systems in 
outdoors and indoors scenarios, taken from [36] 
 
We describe briefly the development of a biometric 
system using synthetic MMW body images. First, a database 
of synthetic MMW images, BIOGIGA [39], was collected 
from 50 people (25 males and 25 females). This database 
contains images simulating passive and active systems in 
indoors and outdoors scenarios. Only the data corresponding 
to a passive system in outdoors scenarios was considered.  
The features extracted from the body images were based 
on geometrical measures between the different parts of the 
body silhouette. First the input image is segmented from the 
background and the body silhouette is extracted. Also a basic 
skeleton of the body is obtained through morphological 
operations, and six reference points. A large set of body 
landmarks is obtained calculating the Euclidean distance 
between each reference point and the body contour, and 
analyzing maxima and minima values. Finally, a set of 21 
measures between different landmarks is obtained, which 
forms the feature vector used in the recognition stage of the 
system. Apart from this set of measures, a feature selection 
algorithm SFFS (Sequential Floating Forward Selection) was 
also used to find the most discriminative set of distance-
based features. Fig. 70 shows some images of the stages of 
the feature extraction process. 
 
Fig. 70. Feature extraction process. (a) Input image corresponding to MMW 
passive system in outdoor scenario. (b) Contour, reference points and 
skeleton. (c) Landmark extraction. (d) Set of distances measured which form 
the feature vector 
Table 4 shows the experimental results obtained for the 
biometric system developed. Three experimental protocols 
were used: 1:3, 2:3 and 3:3, the first number indicating the 
number of images used for model training and the second 
number indicating the number of images used for testing. 
Results are given in the form of equal error rate (EER), 
which is a popular measure in the pattern recognition 
community. Results of 2% EER where obtained for the three 
protocols when using the 21 features extracted. These results 
were improved significantly when the SFFS feature selection 









algorithm was used, obtaining 0.08% EER for the 1:3 
protocol and 0% EER, i.e., no errors were found for the other 
two protocols. 
 
 Using all features Using SFFS feature selection 
Protocol EER (%) # of feat. selected EER (%) 
1:3 2.0 6 0.08 
2:3 2.0 4 0.0 
3:3 2.0 3 0.0 
Table 4. Results in terms of EER of the biometric system using 
MMW body images 
VIII. CONCLUSIONES 
The CSD2008-00068 TERASENSE CONSOLIDER 
project permitted the extension upwards in frequency of the 
previous background of the microwaves research group 
partners. This article compiles some of the technology 
developments in the frame of the TERASENSE work 
package “THz Device Technology Laboratory”, particularly 
in aspects like antenna manufacturing, characterization of 
active and passive devices, design and assembling of circuits 
and data processing. An initial great jump has been done, 
which, if the activities in these THz bands continue in the 
future, may allow settling a solid background for 
development of new applications.       
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